Infertility affects approximately 15% of couples worldwide, an estimated 30% of which is related to male factor infertility. Application of low level laser therapy (LLLT) to improve fertility status is a rapidly growing discipline in medicine. Laser therapy triggers a variety of biological processes through interaction with primary cellular photoacceptors. The present review aims at evaluating the literature available in the MEDLINE/ PubMed on cellular and molecular mechanisms of photobiomodulation in the domains of reproductive and veterinary medicine. We primarily focused on the clinical application of laser treatment on seminal quality, in particular its role in promoting spermatozoa motility, as well as the role of phototherapy in modulating assisted reproduction (ART). Additionally, we investigated the strength of evidence in support of the positive impact of photobiomodulation on facilitating ART.
Introduction
Phototherapy with low-level laser which is referred to as photobiomodulation is a developing discipline in the medicine. Low-level laser therapy (LLLT) is implicated in a verity of biological processes through interaction with primary cellular photoacceptors and messengers [1] . The efficacy of LLLT is highly dependent on the irradiated tissues and cells as well as the specific irradiation parameters. There is numerous evidence regarding "in vitro" and "in vivo" effects of photobiomodulation on different medical conditions. In the dentistry area, low-level laser is applied to treat dentine hypersensitivity, periodontitis, and improving oral mucositis [2] [3] [4] . LLLT is also used for management of many dermatologic disorders including alopecia and telangiectasia [5, 6] . Additionally, the efficacy of laser phototherapy is approved for treatment of musculoskeletal and rheumatologic disorders [7, 8] . Of note, photobiomodulation is implicated in nerve regeneration, promoting of wound healing, and reduction in TNF-α levels as well as a consequent subsiding of inflammation along with acceleration of cellular proliferation [9] [10] [11] .
Clinical applications of the LLLT on improving fertility status is a rapid growing decepline in medicine. Epidemiological studies estimate about 15% of couples are affected by infertility worldwide [12] . According to Agarwal et al. [13] , at least thirty million men are infertile globally with the highest rates in Africa and Eastern Europe. Asthenospermia or attenuation of the motile spermatozoa to less than 50 percent is a significant contributing factor in the male infertility. Asthenospermia is a multifactorial disorder which mandates a diverse therapeutic approaches. There is considerable literature on therapeutic modalities leading to improving sperm motility including varicocelectomy [14] , and dietary supplementation with some certain vitamins and antioxidants [15] . Furthermore, the potency of such compounds as aromatase inhibitors [16] , pentoxifylline [17] , thyroxin [18] , and exogenous platelet activating factor [19] have been demonstrated in acceleration of sperm motility. Recent advances in the domain of assisted reproductive techniques provide a novel therapeutic approach to male factor infertility, and last but not least is the application of laser therapy to promote asthenospermia.
The present review aims to consolidate the literature available on the efficacy of low-level laser light in the treatment of infertility. Specifically, we evaluate the cellular and molecular mechanisms of photobiomodulation, and put the focus on the photo-stimulative effect of LLLT on spermatozoa and improving the seminal quality as well as its pivotal role in modulating the assisted reproductive techniques (ART). The resources included here are the relevant literature in the MEDLINE/ PubMed. We did not take the publication date and publication status, nor the manuscript language into consideration. The search strategy consisted of the keyword terms consisting of low-level laser therapy (LLLT), photobiomodulation, infertility, sperm motility, and assisted reproductive technology (ART).
Effect of photobiomodulation on seminal parameters
Improving male factor infertility using low-level laser therapy is a discernable area in the field of reproductive medicine. Phototherapy has also been extensively administered in the veterinary medicine practice and livestock breeding. The underlying pathways of photobiomodulation are not well established. However, several studied addressed probable mechanisms regarding interaction of laser light and spermatozoa. Motility is one of the most significant characteristics of sperm, which is associated with fertilizing capability. The mitochondrial apparatus within the midpiece of spermatozoa provides required energy for movement of flagellum or tail [20] . Albuquerque-Pontes et al. [21] indicated that low-level laser irradiation could induce activity of cytochrome C oxidase (COX). The COX complex is part of the mitochondrial respiratory chain and plays a critical role in the electron transport cascade. Modulation of this certain cytochrome oxidase activity leads to enhanced oxidative phosphorylation or adenosine triphosphate (ATP) generation. This process subsequently augments the sperm motility. Likewise, another study evaluating the efficacy of laser on the cryopreserved ram sperm showed an increase in the COX Vmax values as well as the COX affinity for its substrate. These findings were consistent with enhanced ATP levels in the irradiated samples and improved sperm motility [22] . Additionally, Passarella et al. [23] reported that some certain NADH-linked reactions occurring in the mitochondria are stimulated and triggered through laser irradiation.
On the molecular level, LLLT is mediated in up-regulation of the genes coding for a number of mitochondrial enzymes. Specifically, the subunits which are involved in the complexes I and IV of electron transport chain and ATP synthase [24] . Ferraresi et al. [25] evaluated the mitochondrial membrane potential and demonstrated that phototherapy increased ATP synthesis in the myotubes. On a different note, Tafur et al. [26] declared that low-intensity laser interacts with the endogenous cellular redox mechanisms. This effect is mediated through photoexcitation of cytochrome C oxidase in the mitochondrial electron transport chain. Laser light facilitates electron transferring to oxygen molecules and production of the reactive oxygen species (ROS). These anions are categorized into three main types, namely superoxide, hydrogen peroxide, and hydroxyl radical. ROS are required for spermatozoa maturation or capacitation [27] . Also, low levels of ROS could relatively enhance the sperm acrosome reaction [28] . According to Shahar et al. [29] photobiomodulation resulted in a significant increase in the human sperm motility and capacitation toward activation of protein kinase A and sarcoma protein kinase, as well as production of reactive oxygen species.
Another aspect of photobiomodulation is the effect of irradiation on the intracellular calcium ion levels, and its fundamental impact on the sperm motility. Low-level laser therapy increases the calcium influx via cellular pumps. In this regard, Na + /Ca 2+ exchanger and voltage-gated calcium channel regulate the optimal intracellular calcium concentrations [30] . Lubart et al. [31] reported that LLLT prevents calcium uptake by mitochondria of spermatozoa while enhancing the Ca 2+ binding to sperm plasma membrane. On the other hand, laser light at higher doses causes an overload in the intracellular Ca 2+ levels. Such a process leads to hyperactivation of the Ca 2+ -ATPase pump and exhausts the ATP reservoir of the cells. These reactions ultimately increase the intracellular osmotic pressure and degenerate the spermatozoa [32] .
Effect of the laser therapy on the sperm parameters is directly related to the semen sample quality, irradiation methods, applied doses, wavelengths, and time intervals. As mentioned earlier on the role of laser irradiation in the cellular calcium regulation, spermatozoa react differently in response to various laser doses. This fact emphasizes the importance of selecting the optimal output power. A number of research studies compared the efficacy of LLLT on male infertility using different irradiation methods including a recent study conducted by our research group on the impact of 830 nm diode laser on human sperm motility [33] . We evaluated the semen specimens of asthenospermic patients. Each Sample was divided into four equal portions and exposed to a GaAlAs laser beam. Four different doses were administered; no irradiation for the control group, 4 J/cm 2 , 6 J/cm 2 , and 10 J/cm 2 . Sperm motility was assessed by means of computer-aided sperm analysis (CASA) at various time intervals, which included immediately following irradiation, 30, 45 and 60 minutes after the intervention, respectively. In order to evaluate the functional capacity of spermatozoids, the aliquots were undergone hypo-osmotic swelling (HOS) test. Besides, sperm DNA fragmentation was assessed through sperm chromatin dispersion (SCD) assay. The two latter tests were performed only on the control group as well as the ones irradiated by 10 J/cm 2 (the highest irradiation dose in this study). Our results indicated that LLLT improved human sperm motility at certain laser density and specific post-exposure time. The semen specimens which received irradiation doses of 4 J/cm 2 and 6 J/cm 2 , revealed a significant increase in progressive sperm motility at 60 and 45 minutes following irradiation, respectively. Moreover, results of HOS and SCD tests showed no significant difference between the control group and the samples which received 10 J/cm 2 fluency.
In a similar clinical trial on male infertility, Salama et al. [34] studied the effect of light-emitting diode (LED) on improving seminal quality in subjects with and without asthenospermia. 27 patients were involved in this study. The semen samples were aliquoted into two parts, the ones which exposed to the red LED and the control group. The test tubes were irradiated by LED (wavelength; 636.6-nm) for 2, 5 and 10 minutes. The irradiation doses were calculated as 496 mJ/cm 2 , 1.241 J/cm 2 and 2.482 J/cm 2 for 2, 5 and 10 minutes, respectively. Sperm kinetics analysis, sperm creatine kinase (CK) activity, aniline blue staining (ANBS), and HOS tests were all evaluated. The CK activity test analyzed the rate of adenosine triphosphate synthesis by spermatozoa, and the aniline blue staining was performed for assessment of the sperm chromatin condensation. The authors indicated a significant increase in the progressive sperm motility among semen specimens irradiated by red LED. In addition, they reported an augmented sperm CK activity in the test tubes. However, the aforementioned results were not statistically significant. Furthermore, they found that treatment with LED could not modify the HOS test and ANBS results compared to the control groups.
Additionally, low-level laser therapy does have a critical role in improving longevity of spermatozoa in the veterinary practice. In this regard, Laffaldano et al. [35] , experimented He-Ne laser irradiation on stored turkey semen samples. Energy dose of 3.96 J/cm 2 was applied and the effect of LLLT on sperm preservation for up to 60 hours has been evaluated. Exposure to this specific dose has significantly enhanced the viability and semen quality in long-term storage compared to the control group. In another study conducted by the same author [36] , the efficacy of photobiomodulation on rabbit spermatozoa surveillance during liquid storage conditions has been investigated. The semen pools were divided into four aliquots and irradiated with different energy doses (3.96, 6.12, 9 J/cm 2 ) of He-Ne laser. The authors found that the semen samples which were exposed to energy dose of 6.12 J/cm 2 maintained viability after 48 hours of in vitro liquid storage at 15 •C. A number of relevant research studies on low-level laser therapy were summarized in the Dreyer et al.
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Effect of laser irradiation on assisted reproduction
In vitro manipulating of gamete cells to achieve fertilized eggs is the cornerstone of assisted reproductive technology (ART). The laser beam has been implicated in treating both spermatozoa and oocytes prior to intracytoplasmic sperm injection (ICSI). Montag et al. [50] , indicated that noncontact, diode laser is an effective procedure for immobilization of human spermatozoa and permeabilization of the sperm tail membrane before ICSI. Similarly, Ebner et al. [51] , showed that the spermatozoa samples which were immobilized by laser, required a considerably shorter time for identification, aspiration and injection in comparison to the mechanically immobilized group. Moreover, laser-assisted sperm micromanipulation is a novel approach in the artificial insemination. Obruca et al. [52] , used the Er:YAG laser for the subzonal insemination (SUZI).They showed that the laser treated population achieved a significantly higher fertilization rates compared to mechanical SUZI. In addition, sperm viability assessment is regarded as a prerequisite for the intracytoplasmic sperm injection. Laser could be implicated in the selection of viable spermatozoa, especially in the individuals with an indefinite HOS test results [53] . The potential role of laser therapy in handing the oocytes during assisted reproduction, also has been noticed in the recent years. Degeneration of the oocytes in the course of ICSI is an inevitable issue, particularly in the case of fragile oolemma. To mitigate oocyte degeneration associated with microinjection, Abdelmassih et al. [54] , applied laser beam to produce a microhole on the zona pellucida of the oocyte. This approach provided a less traumatic penetration into the ooplasm than a microneedle and resulted in much lower cellular degeneration. Rienzi et al. [55] , achieved similar results on promoting the oocytes survival rate in the patients with inherent oocyte fragility following ICSI procedure.
The impact of LLLT on oocytes maturation merits consideration. However, there is not sufficient database regarding this issue. Oocytes maturation encompasses a complex of processes resulted in completion of meiosis and subsequent fertilization [56] . Soares et al. [57] , investigated the effect of laser therapy on bovine oocyte and particularly the granulosa cells metabolism. During this study the cumulus-oocytes complexes (COCs) were exposed to the laser irradiation with 633-nm wavelength and 1 J/cm 2 fluency. The COCs were evaluated for cell cycle status, mitochondrial functioning, as well as viability. The number of cells progressing through the cycle and mitochondrial membrane potential enhanced significantly. Besides, cyclin B and cyclindependent kinase (CDK4) levels were similarly increased. With regard to the oocytes, there was an escalation in the total mitogen-activated protein kinase along with a decrease in all cell cycle genes transcripts, except the CDK4. In a different experiment, He-Ne laser irradiation at 0.05 and 0.25 J/ cm 2 was found to increase the number of unreduced (diploid) oocytes. Concomitantly, oocytes degeneration during the in vitro meiosis was enhanced as well [58] . Likewise, MorenoMillan et al. [59] , evaluated the application of He-Ne irradiation in the "in vitro" fertilization. The authors declared that laser therapy at some certain doses triggered oocyte nuclear damage and suppressing oocyte maturation. As mentioned previously the efficacy of LLLT mandates an optimal energy level. Hence, selecting the proper power is a key component in the process of oocyte maturation, and more generally improving the infertility.
